A reliable prediction of migration levels of plastic additives into food requires a robust estimation of diffusivity. Predictive modelling of diffusivity as recommended by the EU commission is carried out using a semi-empirical equation that relies on two polymer-dependent parameters.
where M is the molecular weight of the diffusing substance and T is the temperature. As seen, this model relies on several constants, valid for any polymer/migrant system, as well as on two polymer-dependent parameters: A p ' and τ. The recommended values of the parameters A p ' and τ , as well as the molecular weight and temperature ranges for their application are compiled in a practical guideline of the European Union (Simoneau 2010 and later Hoekstra et al. 2015) , based on the migration data compiled by Begley et al. 2005 .
Since then, existing diffusivity data has been continuously expanded in scientific papers for various polymers and diffusing substances (Bernardo 2012 , Bernardo 2013 , Ogieglo et al. 2013 ). Among the common polymers employed for food packaging applications, polystyrene (PS), a petrochemical synthetic A c c e p t e d M a n u s c r i p t aromatic polymer made from the monomer styrene, for applications such as protective packaging (packing peanuts), containers (such as "clamshells"), lids, bottles, trays, tumblers, and disposable cutlery, has received little attention so far. The Piringer model is commonly recognized to be a trustworthy approach to determine overestimated values of additive diffusivity in polymers such as PE and PET, for which the large amount of available data allows derivation of reliable values of the parameters A p ' and τ. Nevertheless, because of the scarce diffusivity data available for PS when its A p ' and τ parameters were established, the overestimation of diffusivity for PS based systems can appear uncertain. The goal of this work is to provide updated values for these parameters, based on literature review, in order to secure reasonably overestimated diffusion coefficients in PS. Piringer's parameters A p ' and τ were checked above and below glass transition temperature, against a large range of literature diffusivity data for different chemical substances in polystyrene. A p ' and τ were then redefined to guarantee a sufficient overestimation degree to overcome eventual uncertainty of the literature data, for purposes of safety evaluation of the use of polystyrene as food contact material. Finally, in order to consolidate the update of Piringer's parameters, the migration levels resulting from the use of diffusion coefficients calculated with the new parameters, were compared to those resulting from the use of the experimental diffusivity data for each of the molecules. 
Materials and methods

Diffusivity data
A total of 183 diffusivity values in amorphous general purpose PS (with a glass transition temperature of 105 o C) were collected from literature from 2000 to 2014: Bernardo 2012 (homologous series of linear alkanes, gravimetry), Bernardo 2013 (homologous series of linear alcohols, gravimetry), Bernardo et al. 2012 (homologous series of linear carboxylic acids, gravimetry and NMR), Ogieglo et al. 2013 (cyclohexane, spectroscopic ellipsometry), Dole et al. 2006 (toluene, chlorobenzene and phenyl-cyclohexane), Pinte et al. 2010 (homologous series of fluorescent tracers, FRAP), Tseng et al. 2000 (rubrene, FRAP) , Martinez-Lopez et al. 2014 (p-terphenyl , Raman microspectroscopy and gas chromatography) Martinez-Lopez et al. 2016 (homologous series of oligophenyls and diphenyl-alkenes, Raman microspectroscopy). Diffusivity of styrene was deducted from migration data found at Begley et al. 2005 . The main characteristics of these datasets are summarized in table1, and the actual 183 values of diffusivity have been made publicly available at the Zenodo repository, under the DOI: 10.5281/zenodo.883073
The same way, a total of 193 diffusivity values in polyethylene terephthalate (PET) were collected from the literature, spanning from 1999 to 2013: Launay et al. 1999 (water) , Begley et al. 2004 (Tinuvin 234, 327 and 1577) , Pennarun et al. 2004 (dimethylsulfoxide, toluene, phenol, 2,4- A c c e p t e d M a n u s c r i p t Chimassorb 81, Irganox 1076, acetaldehyde, toluene, limonene, ethyl-butyrate, chloroform, citral, linalool, ethylene-glycol, methanol, ethanol, benzaldehyde, DMDS, tetracosane, methyl-dioxolane, m- xylene, Aterpineol and decane) were deducted from migration data found at Begley et al. 2005 These data have been regrouped into molecule families that share structural or physico-chemical characteristics in Figure 1 . In the case of PS, regrouping was pretty straightforward, since many of the publications deal with only one molecule family. In the case of PET, most of the publications study groups of molecules that only have in common their technological value during PET fabrication, without sharing any structural characteristics. In an effort to make PET data comparable those of the PS the former has been regrouped this way: water, antimony, THF, dimethyl sulfides (dimethylsulfoxide and DMDS), organochlorides (chloroform, 1,1,1-trichloroethane, chlorooctane and lindane), alcohols (methanol, ethanol, ethylene-glycol, pentaerythriol, linalool) , aldehydes (acetaldehyde, 2,4-pentanedione, citral), esters (ethyl hydrocinnamate, methyl stearate), linear alkanes (nonane, decane, dodecane, tetradecane, hexadecane, octadecane, eicosane, docosane, tetracosane), benzene derivatives (benzene, toluene, phenol, xylene, chlorobenzene, limonene, aterpineol), biphenyls (biphenyl, phenyl-cyclohexane, benzophenone, azobenzene, phenyl-benzanoate, Chimassorb 81), Tinuvins (327, 571, 1577, 234) and others (methyl-dioxolane, Irganox 1076).
Calculation of Activation Energies
Activation energies of diffusion were calculated by fitting the PS diffusivity data (see section: Diffusivity data) to a linearized version of equation 2 with the Matlab fit function (Mathworks, USA)
RT
Where D is the diffusion coefficient (m 2 s -1 ), D 0 is a pre-exponential factor (m 2 s -1 ) , R is the gas constant (8.31 J mol -1 K -1 ), T is the temperature (K) and Ea is the activation energy of diffusion (J mol -1 )
Simulation of migration levels
Migration levels in the foodstuff were calculated with equation 3.
( )
Where A m f are the migration levels (μg dm -2 ), C 0 is the uniform initial concentration of migrant in the packaging (μg g -1 or ppm), ρ p is the density of the polymeric material (g m -3 ), L is the thickness of the packaging layer (m), D is the effective diffusion coefficient of the migrant through the packaging material (m 2 s -1 ), t is the time (s), q n is the n th root of the transcendental equation: And α is the ratio of volumes of food and packaging, weighted by the partition coefficient. Therefore:
Equation 3 is a solution to Fick's second law for a mass transfer process completely dominated by diffusion. This equation is number 4.37 in Crank 1980 , adapted as in Hoekstra et al. 2015 for the calculation of migration levels in food. This way, the product
the exact equivalent to the amount of migrant in food at equilibrium (usually called m F,∞ , m F,eq or similar), and the factor 100 converts m 2 into dm 2 .
In this work, the calculation of migration levels was done trying to simulate the conditions of a standard migration test for amorphous PS: C 0 = 500 μg g -1 , ρ p = 1.05•10 6 g m -3 , L = 300 •10 -6 m. The packaging/food ratio was kept to 6 dm 2 L -1 . Two values of α where used: 0.05 and 50. With the considered packaging/food volume ratio, α=0.05 corresponds to a partition coefficient of 1111 and represents a migrant that does not have much affinity for the foodstuff, while α=50 corresponds to a partition coefficient of 1.11, and represents a migrant that distributes nearly equally between the packaging and the foodstuff at equilibrium. The diffusion coefficient was taken from the literature data (see section: Diffusivity data), or calculated with equation 1, while the roots of the transcendental equation 4 were calculated with the fzero function of Matlab 2015a.
Estimation of A p ' and τ for overestimating purposes
The parameters A p ' and τ from equation 1 were estimated by minimizing the sum of the square residuals between the predictions and the experimental diffusion coefficients multiplied by a nominal overestimating factor of ×25, as expressed by equation 6. The minimization algorithm was based on the Levenberg-Marquardt algorithm, an optimization routine predefined in Matlab 2015a.
Calculation of overestimation of migration levels
The overestimation of the migration levels was calculated with the ratio Table 2 , and m F,exp are the migration levels, also calculated with equation 3, but making use of the diffusivity found in literature instead (see section: Diffusivity data).
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Results.
Applicability of the current overestimating model to the existing literature data. Figure 1 shows the diffusivity data (scatter) gathered from literature for PET (a) and PS (b), as well as the diffusivity predicted by equation 1 using the original parameters A p ' and τ found at (Hoekstra et al. 2015) (continuous lines). As it can be seen, while the diffusivity data covers a similar temperature range for both polymers (20 -180 ºC), the molecular weight range is significantly different: PET diffusivity data lays within 0 to 600 g•mol -1 , while amorphous PS goes from 0 to 1200 g•mol -1 . The data lays within different, but yet comparable ranges for each of the polymers, spanning 10 -22 -10 -8 m 2 s -1 for PET and 10 -20 -10 -10 m 2 s -1 for PS, with the fastest molecules lying approximately within the interval 0 -250 g mol -1 for PS.
The relationship between diffusivity with molecular weight is different for each of the polymers. Regarding the projection of D values measured at the same temperature in the PET, the diffusion coefficient does not seem to be linked to the unique influence of the molecular weight of the diffusing molecules and was probably impacted by other molecular characteristics. For PS, the dependence of D on M appears to follow two differentiated patterns. Within the interval 0 -230 g mol -1 , diffusivity decreases from 10 -10 to 10 -19 m 2 s -1 in a approximately exponential way for each temperature and molecule family. Similarly, within the molecular weight interval 230 -1200 g mol -1 , diffusivity goes from 10 -10 to 10 -19 m 2 s -1 , in a decreasing exponential way along with molecular weight, for each temperature and molecule family. Nevertheless, as the molecular weight interval is significantly larger in this second interval, (spanning 970 instead of 230 g mol -1 ), the diffusivity decrease is much more slight than in the 0 -230 g mol -1 interval. It should be pointed out that if the molecular weight region 0 -600 g mol -1 of the PS was zoomed in to make it comparable to the whole molecular weight interval studied for PET, this distinction at 230 g mol -1 would be far less clear or even indistinguishable.
The diffusivity seems to be linked to the temperature by means of the activation energy, as expressed by the Arrhenius relationship (equation 2). This holds true for virtually any molecule tested on PET, for both the glassy and the rubbery state, showing activation energy values that go from 3 to 310 kJ mol -1 on the molecular weight interval between 20 to 194 g mol -1 (Welle 2013) . As shown in Figure 2 , PS shows activation energy values that are comparably lower, and go from 58.6 to 316 kJ mol -1 , for a molecular weight interval between 46 -1120 g mol -1 .
The continuous lines in Figure 1 represent the predictions resulting from the use of equation 1 with the original parameters proposed at (Hoekstra et al. 2015) . According to the published purpose of the equation, these predictions should overestimate diffusivity for any molecular weight or temperature. In reality, the achieved overestimation is very different for PET and for PS. For PET (Figure 1a ), the use of the equation with the original parameters results in systematic overestimation of diffusivity at any molecular weight and temperature with very few exceptions: water (18 g•mol -1 ) whose diffusion coefficient is underestimated by several orders of magnitude; as well as some aldehydes of around 50 g•mol -1 , whose diffusion coefficients are underestimated by one order of magnitude at worst. In contrast, Figure 1b shows a very different predicting scenario for PS, for which the under or overestimation of diffusivity seems to be strongly related to the temperature and molecular weight of the migrant. This way, the resulting under/overestimation is well differentiated for molecules below and above 230 g•mol -1 , as well as above and below the glass transition temperature of 105 ºC. This means that unfortunately, the predictions of the equation may be several orders of magnitude above or below the experimental diffusivity value. Summarizing, while the use of the equation with the original A c c e p t e d M a n u s c r i p t parameters overestimates diffusivity in a fairly satisfactory way for PET, it cannot be relied upon for PS for safety aspects. The reader should be reminded that the recommendations from Hoekstra et al. 2015, specify two sets of A p ' and τ parameters to be used with equation 1 for the PET: one for below and one for above the glass transition temperature of 70 ºC, but only one for the PS, for temperatures below 70 ºC, and a molecular weight of 104 -647 g mol -1 .
Two conclusions can be drawn from these analysis: first, the A p ' and τ parameters for PS may have been found to yield reliable estimations of diffusivity, according to the existing literature data when they were first determined by (Begley et al. 2005 ), but can be considered obsolete according to the diffusivity data available for PS today. Second, due to the large molecular weight interval covered by these experimental diffusivity data (twice as large as for PET), as well as the complex dependence of diffusivity with molecular weight and temperature, it seems unrealistic expecting to obtain reliable predictions (overestimates or not), by using equation 1 with just one set of parameters. Consequently, it seems advisable to split the M and T space according to the previously identified dependences: above and below 230 g mol -1 , and above and below the glass transition temperature (105 ºC), resulting in a total of four M,T regions, that from now on will be named as:
The median and average of the experimental diffusivities, as well as the amount of experimental values for each region can be seen in Table 2 . With this division of the M,T space in mind, it is much easier to identify typical diffusivity values, and hence to set a realistic overestimating factor for the diffusion coefficient and see its impact on the calculation of the migration levels.
Dimensioning an overestimating factor
As said, the published purpose of equation 1 is to compute overestimated diffusion coefficients for a migrant of A c c e p t e d M a n u s c r i p t a given molecular weight, for a particular polymer at a specific temperature. The use of these overestimated diffusivities in equation 3 results therefore in overestimated migration levels of that migrant into food, that can be used as a worst-case scenario for safety purposes. While worst case scenarios are a classic safety approach, the use of equation 1 for amorphous PS is hindered by the lack of guidelines about i) what is the current overestimating factor that can be expected from equation 1, with respect to experimental diffusivities, and ii) what is the influence of a given degree of overestimation of diffusivity on the prediction of migration levels.
Consequently, the application of equation 1 for safety purposes, requires setting an acceptable and realistic overestimating factor for the diffusion coefficient. Moreover, this factor should be based on its effect on the prediction of migration levels. Figure 3 represents the evolution of the migration levels in food computed with equation 3, using the conditions detailed in the section on Simulation of migration levels, for a partition coefficient of 1.11 for each of the four M,T regions. As said, under these conditions, this corresponds to a value of α=50, or a migration limit (equilibrium value or solubility limit) of 1541 μg dm -2 . In order to illustrate the migration kinetics for each of the regions, as well as the influence of a potential over/underestimation of the diffusion coefficient, the simulation was carried out with three different diffusion coefficients:
• The median diffusivity of each of the regions.
• The median multiplied by a factor ×10. As would be expected, because of the significantly different diffusion coefficients, migration kinetics are different for each M, T region. Surprisingly, due to the low migration limit (1541 μg dm -2 ) imposed by the low value of α, and the short migration time (10 days), the overestimating factor does not have such a great influence as it could have been expected. Region a reaches a practical equilibrium after 2.5 days with the median diffusion coefficient, after 7.2 h with the overestimating factor of ×10, and after 2.4 h with the overestimating factor of ×25. The median diffusion coefficient of region b is not only the highest of the four regions, but high in general terms. This way, equilibrium is reached within the first 3 h for the median diffusivity value, and within the first hour for both the ×10 or the ×25 overestimating factors; rendering the overestimating factors virtually useless under these conditions. Region c is significantly different. After 10 days, the migration levels are below 10 μg dm -2 (less than 1% of the equilibrium value) using the median diffusivity, around 29 μg dm -2 (around 2.1% of the equilibrium value) for the ×10 factor, and of 45 μg dm -2 (3.2% of the equilibrium value) for the ×25 factor. In other words, after 10 days, an overestimation of diffusivity of ×10 results on a ×2.9 overestimation of the migration levels, while an overestimation of diffusivity of ×25 results on an overestimation of the migration levels of ×4.5. Regarding region d, after 10 days, the migration levels are 454 μg dm -2 (around a 30% of the equilibrium value) using the median diffusivity, around 1250 μg dm -2 (around 90% of the equilibrium value) for the ×10 factor, and the equilibrium value for the ×25 factor. In other words, after 10 days, an overestimation of diffusivity of ×10 results on a ×2.8 overestimation of the migration levels, while an overestimation of diffusivity of ×25 results on an overestimation of the migration levels of ×3.1. To summarise, overestimating the diffusion coefficient more than ×10 has no significant influence on the A c c e p t e d M a n u s c r i p t migration levels for either regions a or b, while overestimating the diffusion coefficient of ×25 yields a reasonable overestimation of the migration levels for regions c and d. As these calculations have been carried out under the assumption that all the migrants are equally soluble in the polymer and the food, it can be concluded that setting an overestimating factor of ×25 for every region results in reasonable overestimation of the migration levels for safety purposes.
Calculating parameters for nominal overestimation of the diffusion coefficient
As stated previously (see section: Estimation of A p ' and τ for overestimating purposes), an overestimation of diffusivity of ×10 and ×25 is enough in most of the cases for migrants belonging to regions a and b, and c and d respectively. In order to readjust the equation to these new predicting requirements, it appears necessary to re-dimension the parameters A p ' and τ. As explained in the section on Estimation of A p ' and τ for overestimating purposes, this is achieved by multiplying the experimental diffusivity data by the desired nominal overestimation factor previously to the parameter fitting. Nevertheless, because of the wide range of diffusivity values, and the complex dependence of diffusivity on the molecular weight and temperature, especially in regions a and b, the imposition of a nominal estimation to the experimental values does not necessarily guarantee, in the practice, that exact degree of overestimation for every single case. In order to avoid undesired underestimation, and to simplify the practical use of equation 1, four new sets of parameters A p ' and τ were dimensioned for a nominal overestimation factor of ×25 over the experimental diffusivity data of each region. Figure 4 represents the same experimental diffusivity data (scatter) represented in Figure 1b . Here, the predictions of equation 1 have been updated by using the parameters calculated for the nominal overestimation of ×25 that are displayed in Table 2 . As it can be seen, with very few exceptions, the predictions of the diffusion coefficient, represented by the continuous lines lay above the experimental data at the same temperature, hence overestimating the diffusion coefficient. The effect of this overestimation on the migration levels can be seen in Figure 5 , which compares the migration levels computed with equation 3 using the experimental diffusivity data, with the migration levels computed with the diffusivity predicted by equation 1 after 10 days for α=50, using the original parameters A p ' and τ (Figure 5a ), and those calculated for a nominal overestimation of ×25 ( Figure 5b ). As was suggested (see section on Dimensioning an overestimating factor), many molecules belonging to region a, as well as the practical totality of migrants belonging to region b have reached equilibrium after 10 days, and probably already have after a few hours or days of plastic/food contact. These migrants can be easily identified because their migration levels (either experimental or predicted) correspond to the migration limit for the studied case: 1541 μg dm -2 . It should be pointed out that most of the median of the multiplied by a 10 factor (dark brown) and the median of the region multiplied by a factor 25 (light brown).
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A c c e p t e d M a n u s c r i p t these data were determined by Bernardo (Bernardo 2012 , Bernardo 2013 , and present extremely high diffusion coefficients. As we have speculated (Martinez-Lopez et al. 2014 ), this may be due to an underestimation of their solubility limit, or to the plasticization of PS. Nevertheless, as they represent a significant portion of the data, they should be taken into account for safety purposes. 
Assessment of the actual overestimation of the migration levels
Although both Figure 4 and Figure 5 picture a scenario in which underestimation of either D or the migration levels does not apparently occur, more comprehensive verification is required. This has been carried out by individual comparison of the migration levels predicted by using the diffusion coefficients for a nominal overestimation of ×25 (m F,pred ) , and the ones predicted by using the experimental diffusion coefficients (m F,exp ). Figure 6b : parameters calculated for a nominal overestimation of ×25 and α=0.05, Figure 6c : original parameters and α=50, and Figure 6d : parameters calculated for a nominal overestimation of ×25 and α=50. The rest of the conditions are as specified in the section)Simulation of migration levels; C 0 = 500 μg g -1 , ρ p = 1.05 10 6 g m -3 L = 300x10 -6 m, C 0 = 500 μg g -1 , ρ p = 0.95x10 6 g m -3 , L = 300x10 -6 m. The packaging/food ratio was kept to 6 dm 2 L -1 with 10 days of contact. If only the case of α=0.05 was considered (Figure 6a and b) , it might appear that the calculation of the diffusion coefficient by equation 1 with the original parameters (Figure 6a ) only leads to underestimation for a few molecules belonging to region a, mostly carboxylic acids, linear alkanes and linear alcohols; as well as some fluorescent tracers way above the glass transition temperature, belonging to region d. If the parameters from Table 2 are used instead, it appears that underestimation of the migration levels does not occur in any case. Nevertheless, this apparent safety is a result of the use of α=0.05, which as previously mentioned, actually corresponds to a partition coefficient of 1111, which translates into a maximum concentration of 67.9 μg dm -2 under these conditions. This migration limit is so low, that even very slow molecules, such as those from region c can reach it within the first 10 days, hence the great amount of molecules showing a exp F, pred F, m m of 1. It may very well be the case that underestimation would have shown if the simulations that are shown in either Figure 6a or b were made for a time shorter than 10 days, but in the authors opinion, this would not have any practical consequences.
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A c c e p t e d M a n u s c r i p t Consequently, the case of α = 50 (Figure 6c and d) is presented as much more representative of a worst-case scenario. Again, α = 50 corresponds under these conditions to a partition coefficient of 1.11 and a migration limit of 1541 μg dm -2 , with the migrant nearly equally distributed between the polymer and the foodstuff at equilibrium. Only molecules with high diffusion coefficients can reach such a high migration limit within 10 days. As anticipated in Figure 1b , the original parameters underestimate the diffusion coefficient by several orders of magnitude. Accordingly, Figure 6c shows underestimation of the migration levels for almost every linear alkane, linear alcohol and carboxylic acid belonging to regions a and b, some of the oligophenyls and the diphenyl alkenes, many fluorescent tracers above 135 o C, as well as rubrene above 125 o C (region d). On the other hand, Figure 6d shows that calculation of the migration levels making use of the diffusion coefficients predicted with the overestimating parameters from Table 2 , solves the underestimation issue to a large extent. There are still some exceptions, such as the carboxylic acid of 116 g mol-1 at 35 and 45 o C (region a), the carboxylic acid of 256 g mol-1 at the glass transition temperature of 105 o C, as well as the linear alcohols of 242 g mol -1 at 95 and 105 o C (regions c and d). These molecules exhibit diffusion coefficients that are significantly above what would have been expected at such temperatures (above 10 -12 m 2 s -1 ). Unfortunately, solving the underestimating issue comes at the cost of overestimating the migration levels, which can reach ×200 or more in some cases. This, as well as the few underestimating cases mentioned above may be addressed by dividing the M,T space into more regions, or by increasing the nominal overestimating factor of the diffusion coefficient for the current regions where these molecules lie. Further division of the M,T space would result in extra sets of parameters: from four to at least 6 sets. Of course, one can propose an unlimited number of sets of parameters (up to one per molecule), but this would go against the general idea behind the equation, and would seriously hinder its practical applicability. On the other hand, if the few underestimating exceptions were addressed by increasing the nominal overestimating factor of the whole region, a factor of at least ×120 would probably be required; and this would lead to yet more unrealistic overestimation of the migration levels of the other molecules. Since the exceptions are so few, and as the calculations have been made with a fairly worst case scenario partition coefficient, the authors' opinion is that the current division of the M,T space and the current nominal overestimating factor of ×25 offer a good compromise between safety and applicability, taking into account the difficulty of building a general model to estimate diffusivity for such a large set of molecules. Of course, the publication of new diffusivity or partition data for amorphous PS in the literature should lead to revision of the parameters proposed in this work. The main use of equation 1 is, as said, the overestimation of diffusion coefficients for safety purposes. Nevertheless, the original determination procedure for A p ' and τ described by Begley et al. 2005 attributes them some physical meaning. This physical meaning is probably based on the mechanistic origins of the equation as a way to calculate diffusion coefficients of n-alkanes in polyethylene. For example, in Piringer 2007, it is stated that the factor 0.1351 can be used as an acceptable approximation for most hydrocarbons and other solutes with low polarity. Equation 1 is, apparently, a generalization of the case of n-alkanes in polyethylene to plastics, in which the diffusing substances are exclusively represented by their molecular weight M. As already stated, A p ' together with τ are assumed to be the polymer-dependent parameters.
The parameter τ, together with the constant 10454, both with the formal dimension of temperature, are supposed to contribute to the activation energy of diffusion, according to equation 7 (Begley et al. 2005) .
where R = 8.3145 J mol -1 K -1 is the gas constant. According to this approach, it is possible to describe all polymers and diffusing substances with only two values of τ, which are calculated on the basis of activation energy data of a large series of migrants from literature, and aim at simplifying the contribution of activation energy (Mercea 2007) . The values are τ = 0 K, corresponding to a mean E A = 87 kJ mol -1 for presumed lowbarrier polymers that allow fast diffusion: LDPE, rubber PP, PS, HIPS and PA; and τ = 1577 K, corresponding to a mean E A = 100 kJ mol -1 for presumed high barrier polymers: PET, HDPE, homo-and random PP and PEN.
The parameter A p ' is purportedly linked to the polymer and describes the basic diffusive properties of the polymer matrix in relation to the migrants. A high value of A p ' was attributed to high diffusive properties and hence high migration extent, which is the case for polyolefins. In the original publication by Begley et al. 2005 , the parameter A p ' was determined for each polymer from diffusivity data available in literature (LDPE, HDPE and PP); or from diffusivity calculated from migration tests (PS, HIPS, PET, PEN and PA).
The actual physical meaning of A p ' and τ, specially the relationship of the latter with the activation energy of diffusion; can be discussed using the information provided by the mean of the activation energy values displayed in Figure 2 . This mean activation energy is 143 kJ mol -1 and corresponds, according to equation 7, to τ = 6793 K; which is significantly different from the supposed low barrier behaviour of amorphous PS deduced from the activation energy of E A = 82.3 kJ mol -1 that corresponds to the original value of τ = 0. In the authors opinion, this is indicative of two things: i) because of the minimal experimental data, PS was wrongly attributed a low barrier diffusion behaviour, and/or ii) τ (and by extension) A p ' and the rest of the constants that appear in equation 1, are parameters of a multivariate model that do not seem to have any attached physical meaning, at least for the polymer that is being discussed. It is important to state that it is not the authors intention to make gratuitous remarks on the work previously done by others. The reader should bear in mind that, because of the wide range of barrier properties of the different polymers, as well as diffusing behaviour of the many different substances, the search of a general model to predict diffusion coefficients in polymers is a considerably ambitious goal that has been ongoing for several decades without a definite answer. In any case, the lack of physical meaning of the parameters does not affect the practical safety applications of the equation.
Implementation in spreadsheets
Although the use of equation 3 does not represent a problem for any modern day computer, the fact that the equation requires the roots of the transcendental equation 4 makes it somehow impractical, especially if the preferred software is a spreadsheet. In order to simplify the prediction of migration levels, the reader can find under the DOI: 10.5281/zenodo.883073, together with the polystyrene diffusivity data sets (see section: Diffusivity data), a spreadsheet containing:
• Equation 1, together with the parameters, for the overestimation of the diffusion coefficient for each of the 4 regions.
• Equation 3 for the prediction of migration levels.
• The first 200 roots for typical values of α, in case the user prefers to use software different from a spreadsheet for the calculations.
To this respect, the original form of equation 1 is the following:
Which, differently from equation 1, contains only one parameter, since the original mechanistic concept states:
For simplification purposes, this change of variable has already been made in equation 1, and thus both A p ' and τ are displayed
Conclusions
A comparison between experimental and predicted diffusivity data for amorphous PS showed that the equation that is currently recommended by the European food safety authorities for the prediction of diffusion coefficients for safety assessment of the migration levels in food, yielded unacceptable underestimated values, which was in clear contradiction with its intended safety purpose. This almost systematic underestimation was primarily due to the lack of experimental data at the time the parameters were first determined, and to a much lesser extent, to the attribution of physical meaning to the parameters this equation relies upon. Moreover, there was no available information about the degree of overestimation that could be expected from the predictions. Consequently, this equation needed an update, so it can be used for the safety purposes it was originally conceived for.
The overestimating parameters that have been calculated in this work were dimensioned for a nominal overestimation of ×25 with respect to the experimental data they were derived from. With a few exceptions, the equation now yields overestimated values of diffusivity, leading to satisfactory overestimation of the migration levels, on the basis of a worst-case scenario migration test. It is important to mention that this Modelling of other processes based on these overestimated diffusion coefficients may lead to the process itself appearing falsely faster. Additionally, the equation, and by extension, the parameters it relies upon, do not seem to give any kind of explanation regarding the dependence of the diffusion coefficient on the molecular structure, other than an empirical link based on the experimental data.
For now, and until new diffusivity or partition data on amorphous PS is published, a reasoned use of equation 1 may help achieving the safe-by-design conception of food packaging. Further research should be performed on other polymers covered by this model in order to quantify the actual overestimating level as well as the uncertainty that can be derived from it. M a n u s c r i p t A c c e p t e d M a n u s c r i p t Figure 3 : Evolution of the migration levels calculated with equation 3, for each of the M,T regions over 10 days, (?= 50, C0 = 500 ppm, L= 300 ?m and 6 dm2 plastic L food-1): a) region a: M< 230 g mol-1 , T < Tg, b) region b: M<230 g mol-1, T>Tg, c) region c: M>230 g mol-1, T<Tg and d) region d M>230 gmol-1, T>Tg. Migration levels were calculated for three different diffusivity values: the median of the diffusivities of each region (black line), the median of the multiplied by a 10 factor (dark brown) and the median of the region multiplied by a factor 25 (light brown). 
